Introduction

45
Healthcare-associated infections include the urinary tract infections (UTIs) (Kline et al. 2012 
2012). 58
Two of the species less commonly found on the surface of urinary catheters are Delftia 59 tsuruhatensis and Achromobacter xylosoxidans (Frank et al. 2009 ). These species have been 60
shown to be able to coexist with E. coli in biofilms, and a pre-colonization of the surface with 61 interact synergistically with Pseudomonas aeruginosa (Lopes et al. 2012 ). This type of interaction 68 also resulted into an increased tolerance of the overall consortia to a wide range of antibiotics. 69
Although the pathogenic nature of these uncommon bacteria remains unknown, these studies 70 suggest that some species might cooperate with conventional microorganisms (e.g. E. coli, P. 71 aeruginosa) to form mixed biofilms in order to protect them from environmentally challenging 72 condition such as antibiotic exposure. 73
The present study aimed to assess the effect that the uncommon species might have on 74 the fitness and antimicrobial profile of E. coli biofilms. E. coli and two less common species, D. 75 tsuruhatensis and A. xylosoxidans, were used to form single-and dual-species biofilms on silicone 76 surfaces. Then, the single-and dual-species biofilms were characterized in terms of microbial 77 Italy (Fenice et al. 2007) . 97
For the preparation of the inocula, cells were subcultured (16-18 hours) at 37°C and 150 98 rpm, in artificial urine medium (AUM). AUM was prepared as previously described (Brooks & 99 Keevil 1997). Cell concentration was assessed by optical density at 620 nm (O.D.620 nm), and the 100 inoculum was diluted in AUM in order to obtain a final concentration of 10 5 CFUs ml -1 . 101 102
Single-and dual-species biofilm formation 103
Single-species biofilms were formed to study the biofilm-forming ability of each species on 104 silicone material, which is frequently used in urinary catheters ( ) were studied. 108
Coupons of silicone (Neves & Neves Lda, Portugal) were cut (dimensions of 2 × 2 cm or 109 1 × 1 cm), cleaned and sterilized according to the procedure described by Azevedo et al. (2006) . 110
Each coupon of silicone was placed in the bottom of the wells of the 6-well tissue culture plates 111 (Orange Scientific, Braine-l'Alleud, Belgium). 112
Cell suspension cultures prepared in AUM at 10 5 CFUs ml -1 were used as an inoculum 113 for biofilm formation. Single-and dual-species biofilms were formed as previously described 114 (Azevedo et al. 2014). Two independent experiments were performed for each condition. At 115 specific times (2, 4, 6, 24, 48, 96 and 192 h), the biofilm formation was assessed by CFU counts. 116
The spatial organization of dual-species biofilm was also performed using LNA/2'OMe-FISH at 117 The value of WE. coli indicates the influence of the less common species on the E. coli behaviour 153 when co-cultured; a fitness of 1 means that the species are equally fit. Portugal). Stock solution of antibiotics were prepared at 100 000 mg/l. Working solutions were 161 prepared on the day of use at 1024 mg/l, and from these two-fold serial dilutions were made in 162
AUM. The antibiotic concentrations tested ranged from 0.5 to 1024 mg l -1 . 163
164
Antibiotic susceptibility testing 165
The antibiotic susceptibility of single-and dual-species biofilms pre-formed on silicone coupons 166 was evaluated according to Ceri et al. (1999) with slight modifications. Briefly, silicone coupons 167
(1 × 1 cm) were placed on the bottom of the wells of the 24-well tissue culture plates (Orange 168 Scientific, Braine-l'Alleud, Belgium). The biofilm formation was performed as described above. 169
After 48 h, silicone coupons with biofilm were washed three times in 3 ml of 0.85% (v/v) sterile 170 saline and placed in a new well of the tissue culture plate. Then, two-fold serial dilutions of the 171 antibiotic in AUM were applied in the pre-established biofilms and the plates were incubated for 172 24 h at 37°C, under static conditions. It is important to notice that, at 48 h, the biofilms are mature 173 and the species involved in dual-species biofilms are equally fit. 174
After the antibiotic exposure, the coupons with biofilms were washed and placed in a new 175 well of the 24-well tissue culture plate containing 1.5 ml of 0.85% (v/v) sterile saline. 176
Subsequently, biofilms were sonicated, as described above, and the suspension of each biofilm 177 was spotted onto TSA plates. The plates were incubated at 37°C for CFU enumeration. These 178 counts allowed to determine the minimum biofilm eradication concentration (MBEC) values, 179 which corresponded to the lower concentration of antibiotic required to eradicate 99% of the 180 sessile bacteria. 181
182
Determination of the species relative composition after antibiotic exposure 183
To determine the effect of sub-MBEC concentrations of antibiotics on the species composition in 184 the dual-species biofilms, the CFU enumeration was performed for the concentration close to the 185 MBEC and 8× and 64× lower concentrations. Then, population compositions after and before 186 antibiotic exposure, were compared. A previous study showed a good correlation between 187 LNA/2'OMe-FISH procedure and CFU counts (Azevedo et al. 2015); therefore, it was considered 188 that the CFU enumeration reflects the population involved in the dual-species biofilms. 189
190
Effect of inoculum size on the species relative composition after antibiotic exposure 191
To understand the effect of inoculum size on the species relative composition in antibiotic treated 192 dual-species biofilms, two conditions were tested: i) the antibiotic susceptibility of E. coli 
Spatial organization of biofilm populations 202
In order to assess the biofilm spatial organization and the species distribution, the LNA/2'OMe-203 [Panreac]; pH 10) for 30 min at the same temperature of the hybridization step. Finally, the 216 coupons were allowed to air dry before CSLM visualization. The biofilm CSLM images were 217 acquired in a FluoViewFV1000 microscope (Olympus). Biofilm was observed using a 60×water-218 immersion objective (60×/1.2W). Multichannel simulated fluorescence projection images and 219 vertical cross sections through the biofilm were generated by using the FluoView application 220
Software package (Olympus). E. coli cells were identified as green fluorescent bacillus and the 221 uncommon bacteria as bright red fluorescent bacillus. 222
223
Statistical analysis 224
Results were compared using One-Way analysis of variance (ANOVA) by applying Levene's test 225 of homogeneity of variance and the Tukey multiple-comparisons test, using the SPSS software 226 Assuming that the less common species might cooperate with E. coli and that this cooperation 287 might have an impact on the antimicrobial profile of the overall microbial consortia, the antibiotic 288 resistance profiles of dual-species biofilms were characterized. Four relevant antibiotics/antibiotic 289 combinations with different modes of action were applied in a 48 h pre-established dual-species 290 biofilms; and, the more prevalent species was determined for the three different antibiotic 291 concentrations below the MBEC. tusuruhatensis dual-species biofilm where the ciprofloxacin was able to eradicate the biofilm at 304 very low concentration (0.5 mg l -1 ). While individually the single-species biofilms were highly 305 resistance to ciprofloxacin; when combined the resulting mixed biofilm was highly susceptible to 306 the antibiotic. This result reflects how urgent it is to understand the composition and the species 307 interactions in mixed biofilms in order to select a therapy directed to the species involved. 308
While it was apparent that, in general, the presence of the less common species highly 309
increased the E. coli odds of surviving in the presence of antibiotic agents, it was unclear if the 310 exposure to these agents results in a new repositioning of the population balance. To further 311 investigate this, the dual-species biofilm cells were quantified after exposure to antibiotic 312 concentration near or below the MBEC (the CFU cm -2 values are present in Supplemental material 313 on Table S2 , S3 and S4). Figure 2 shows which species was more prevalent after the introduction 314 of specific antibiotic agents. Before antibiotic exposure, the proportions of the species were 315 similar in both dual-species biofilms with a slight prevalence of E. coli (Figure 2-A e B) . After 316 antibiotic exposure, results showed that, in general, the relative bacteria composition of the dual-317 species biofilms was dependent of the antibiotic and concentration applied (Figure 2) . For 318 ciprofloxacin, the 3 bacteria presented high MBEC and, thus, the percentages of each population 319 were more balanced. For the other 3 antibiotics, for which MBEC values of the uncommon species 320 were much higher than those obtained for the E. coli, a different behavior was observed. It would 321 be expectable that the more resistant species would dominate the microbial consortia. This, in 322 fact, happened for gentamycin-exposed dual-species biofilms, where the percentage of the 323 uncommon species increased with the antibiotic concentration. However, the opposite happened 324 for the ampicillin and amoxicillin/clavulanic acid-exposed biofilms. While the less common 325 species biofilm cells were much more resistant, surprisingly the E. coli population dominated the 326 consortia. Both ampicillin and amoxicillin/clavulanic acid belong to the same antibiotic class, the 327 β-lactam class, which might explain the similar results obtained for both antibiotics. The β-lactam 328 antibiotics are able to inhibit the cell wall biosynthesis in the bacterial cell, which ultimately might 329 lead to the cell lysis (Kohanski et al. 2010 ). Interestingly, biofilms resistance was observed even 330 in the presence of clavulanic acid, which is an inhibitor of the β-lactamase production. These 331 results suggested that a small relative percentage of the D. tsuruhatensis and A. xylosoxidans was 332 sufficient to introduce some protective changes on the E. coli physiology, promoting its resistance 333 and survival against the ampicillin and amoxicillin/clavulanic acid treatment. To determine if this 334 protective effect exhibited by D. tsuruhatensis and A. xylosoxidans is maintained in the presence 335 of low initial ratios of the species, the initial inoculum concentration of these species was lowered 336 (10 2 CFU ml -1 ) when co-cultured with E. coli (10 5 CFU ml -1 ). 337
In general, while the MBEC values decreased due, in part, to a low initial inoculum 338 concentration of D. tsuruhatensis and A. xylosoxidans (Table 2) , the E. coli population dominated 339 the consortia after the antibiotic treatment (Figure 3-A, B) . The exception was for the 340 ciprofloxacin action on the E. coli 10 5 CFU ml -1 / A. xylosoxidans 10 2 CFU ml -1 (Figure 3-B) . 341
Concerning the gentamycin-treated dual-species biofilms, as previously observed, the results also 342
showed that the E. coli population only survived when the antibiotic concentration was below the 343 MBEC of E. coli single-species biofilms (Figure 3-A, B) . 344
Next, it was also important to understand whether the E. coli population is able to 345 dominate the ampicillin and amoxicillin/clavulanic acid treated biofilms even lowering 346 significantly its initial inoculum concentration (10 2 CFU ml -1
). The results showed that a lower 347 initial inoculum concentration of E. coli did not affect the MBEC value to ampicillin and 348 amoxicillin/clavulanic acid of dual-species biofilms (Table S1 in Supplemental material). E. coli 349 lost its dominance when co-cultured with D. tsuruhatensis, but in general, was able to persist 350 within the consortia (~20% of the total population) (Figure 3-A) . When co-cultured with A. 351
xylosoxidans, E. coli maintained its dominance (Figure 3-B) . and an increase in biofilm biomass, which can protect and allow the survival of the bacteria 383 exposed to antibiotic agents (Wu et al. 2014) . 384
Regarding the last hypothesis, it was demonstrated that the presence of β-lactamases in 385 the biofilms matrix might inactivate the β-lactam antibiotics (Gould et al. 2008 ). Lee et al. (2014) 386 suggested that Pseudomonas protegens was able to protect all species involved in the microbial 387 consortia (P. aeruginosa and Klebsiella pneumonia) when exposed to tobramycin, probably due 388 to the ability of the resistant species to produce enzymes that degrade or modify the antibiotics. 389
In the present study, as previously reported by Lee 
Conclusions
415
Interactions between E. coli and other less common species in CAUTIs can promote E. coli 416 survival under challenging conditions, such as those imposed by the antibiotic agents. A residual 417 concentration of these less common species appears to be sufficient to protect the E. coli 418 population. In fact, for certain situations where E. coli was more sensitive to the antibiotics than 419 the other microorganisms, it was, nonetheless, able to predominate within the dual-species 420 biofilms. Combining the results obtained in this work, Figure 6 shows a schematic representation 421 of the hypothesis proposed in the present work to explain the predominance of a certain species 422 (E. coli, in this case) when a dual-species biofilm is exposed to antibiotics agents or other 423
molecules. 424
While synergistic interactions between the E. coli and the less common species might 425 significantly contribute to the development of well-organized and resistant biofilm structures, it 426 also became clear that some particular species-combination might induce metabolic processes 427 that decrease the resistance mechanism. 428
In conclusion, this study suggested that there are new aspects about the role of uncommon 429 species that should be investigated such as, how the protection offered by these species contribute 430 to the survival and dominance of sensitive species under lethal antibiotic concentrations. More 431 experiments involving this type of species, and understanding the mechanisms involved in 432 evolution of antibiotic resistance should be taken into consideration. In addition, we suggest that 433 the microbial composition and environmental conditions present in the polymicrobial biofilms 434 should be considered on the development and validation of novel antimicrobial strategies. 
